Sox2
Introduction
Neural development progresses through multiple steps, commencing when naïve ectoderm is specified by signals from the underlying mesoderm to form neuroectodermal precursors Melton, 1994, 1997) . These stem-cell like precursors proliferate until cued to withdraw from the cell-cycle and differentiate into various neural cell types dependent upon their position in the neural tube and time of cell-cycle exit (Cremisi et al., 2003; Edlund and Jessell, 1999) . A proliferating progenitor population must be maintained for a specified time period to allow for a sufficient 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.10.005 number of neural cells and for the development of all types of neural tissue. Accumulating evidence indicates that this process is controlled in part by members of the Sox transcription factor family (Pevny and Placzek, 2005; Wegner, 1999; Wegner and Stolt, 2005) .
As members of the High Mobility Group (HMG) box super family of DNA-binding proteins, Sox proteins are grouped by their HMG homology (Bowles et al., 2000) . The 10 subfamilies of Sox proteins are involved in a variety of different developmental events (Bowles et al., 2000; Wegner, 1999) , but it is the Groups B, C, and E proteins that play various roles in the development of the nervous system (Pevny and Placzek, 2005; Sasai, 2001; Wegner and Stolt, 2005) . Important to this study, the soxB1 group genes, sox1, 2, and 3, are expressed broadly in the dividing neuroepithelial cells throughout development and their expression is reduced when these cells differentiate (Collignon et al., 1996; Pevny et al., 1998; Uchikawa et al., 1999; Wood and Episkopou, 1999) . In this way soxB1 genes mark neural progenitors (Aubert et al., 2003; Ying et al., 2003) . Indeed, numerous studies indicate that the SoxB1 proteins, Sox2 and Sox3 are necessary for the maintenance of a neural progenitor population (Pevny and Placzek, 2005; Uchikawa et al., 1999; Wegner and Stolt, 2005; Wilson and Koopman, 2002) . Furthermore, Sox1, 2 and 3 repress expression of pan-neuronal markers in the chick spinal cord indicating that they maintain undifferentiated, proliferating progenitors by counteracting neurogenesis (Bylund et al., 2003; Graham et al., 2003; Schlosser et al., 2008) . Consistent with its role in maintaining a proliferating neural progenitor population, Sox2 is also expressed in embryonic stem-cells (Boiani and Scholer, 2005; Brandenberger et al., 2004) and is one of four key proteins required to convert differentiated adult fibroblasts to pluripotent stem-cells (Takahashi and Yamanaka, 2006) . Together these data indicate an important role for SoxB1 proteins in the maintenance of neural progenitor cells.
SoxB1 genes have overlapping expression patterns and there is significant evidence that these highly homologous proteins have redundant roles in nervous system development. These studies indicate that phenotypes for each SoxB1 member are restricted to tissues where only this specific sox gene is expressed. For example, mutations in Sox2 in humans result in retinal defects presenting as microphthalmia to anophthalmia (Fantes et al., 2003; Williamson et al., 2006) in which the severity is Sox2 dose-dependent (Taranova et al., 2006) . Sox1 null mice exhibit lens fiber defects (Nishiguchi et al., 1998) and spontaneous seizures due to the loss of neurons and disorganization in the ventral striatum (Ekonomou et al., 2005; Malas et al., 2003; Nishiguchi et al., 1998) . Sox3 null mice have pituitary and craniofacial defects (Rizzoti et al., 2004; Rizzoti and Lovell-Badge, 2007) . While these loss-of-function studies demonstrate unique functions for each protein in organ formation, they leave unanswered the exact role of the SoxB1 proteins independently or in combination during neural induction and primary neurogenesis.
At the onset of neural induction, the three Xenopus SoxB1 genes have distinct expression patterns (Koyano et al., 1997; Nitta et al., 2006; Penzel et al., 1997; Zhang et al., 2003) indicating that they also have distinct roles at this time. Specifically, only sox3 is maternally supplied with expression throughout the ectoderm prior to gastrulation and restricted to the presumptive neural plate by mid-gastrula. In contrast, sox2 expression begins at the onset of gastrulation in the neuroectoderm and sox1 is not expressed strongly until after gastrulation (stage 13) (Pevny and Placek, 2005; Rogers et al., 2008) . Maternal Sox3 has been shown to repress endoderm formation to facilitate normal germ layer formation (Zhang et al., 2003; Zhang and Klymkowsky, 2007) and it has been demonstrated that Sox2 and Sox3 are required for neural development (Dee et al., 2008; Mizuseki et al., 1998a) and that Sox2 with FGF and another unknown factor can induce neural tissue (Mizuseki et al., 1998a ). Yet little is known about the role of Sox3 at the time of neural induction and questions remain: Does its unique expression pattern throughout the ectoderm in early gastrulae indicate a distinct function in neural induction? If like Sox2, it is required for neural determination, what is the mechanism?
Here, we investigate the role of Sox3 in neural induction and formation in Xenopus laevis. Gain-of-function studies demonstrate that Sox3 inhibits Xvent2 expression indirectly but activates the expression of the early neural genes sox2 and geminin in the absence of proteins synthesis and in naïve ectodermal explants thereby increasing cell proliferation and inhibiting epidermal and neural crest formation. While Sox3 functions as a repressor to inhibit mesendoderm formation, we show that in the nervous system, Sox3 functions as an activator to expand the neural plate. Even though Sox2 overexpression causes similar changes, suggesting that both Sox3 and Sox2 are functionally redundant during early neural development, Sox3 is required uniquely for Noggin-mediated induction.
2.
Materials and methods
Embryo culturing and manipulations
Xenopus laevis eggs were isolated and fertilized using standard methods (Sive et al., 2000) and staged according to Nieuwkoop and Faber (1994) . Animal ectodermal explants were isolated from stage 9 embryos, cultured in 75% NAM (Peng, 1991; Slack, 1984) and collected according to sibling embryos.
Plasmid construction
Sox3DC-Engrailed was constructed in the same manner as described (Zhang et al., 2003) . Amino acids 1-290 of the Sox3 protein was amplified via PCR adding an XhoI and ClaI site to the 5 0 and 3 0 ends of the gene respectively, and deleting the last 20 amino acids. This fragment was then fused in frame to a fragment encoding amino acids 2-298 of the Drosophila engrailed protein (Conlon et al., 1996; Badiani et al., 1994; Evan and Hancock, 1985) and the resulting Sox3DC-Engrailed was subcloned into the pCS2+ expression vector. The plasmid sox3mut was made by site-directed mutagenesis. Nucleotide changes were made to correspond to the sequence flanking cSox1 (Fig. S3A ) (Kamachi et al., 1998) : The sox3mut forward primer is 5 0 -GCTCCAGATGTACAGCATGATGATGGAGACCGA-CCAGAGCCCCG-3 0 and the sox3mut reverse primer is 5 0 -CG GGGCTCTGGTCGGTCTCCATCATCATGCTGTACATCTGGAGC-3 0 (mutated nucleotides are underlined).
Preparation of RNAs and microinjection
Synthetic capped mRNAs were made by in vitro transcription using mMessage mMachine (Ambion). sox3, sox3-VP16 (Zhang et al., 2003) , sox3-GR (Kishi et al., 2000) , sox2 (Mizuseki et al., 1998a) , or sox2-GR (Kishi et al., 2000) , mRNA was injected as described in the figure legends. For ectodermal explant assays, 2.5 pg noggin mRNA (Geng et al., 2003; Knecht et al., 1995) , 5 pmol Sox3MO (TGTCGGTGTCCAACATGCTATACAT), and 400 pg sox3mut mRNA were injected into the animal pole of 1-cell stage embryos.
2.4.
Whole mount in situ hybridization and b-galactosidase assay Whole mount in situ hybridization (WISH) was performed as described (Harland, 1991; Hemmati-Brivanlou et al., 1990) . For lineage tracing, b-galactosidase activity was visualized with Red-gal (Research Organics) or X-gal. We used the following genes as in situ probes: sox2 (Mizuseki et al., 1998a) , geminin (Kroll et al., 1998) , zic1 (Mizuseki et al., 1998a) , soxD (Mizuseki et al., 1998b) , epi-keratin (Jonas et al., 1985) , Xp63 (Lu et al., 2001) , bmp4 (Fainsod et al., 1994; Nishimatsu et al., 1992) , Xvent2 (Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996) , slug (Mayor et al., 1995) , N-cam (Kintner and Melton, 1987) , sox9 (Lee and Saint-Jeannet, 2003) , Xtwist (Hopwood et al., 1989) and sox10 (Aoki et al., 2003) .
Luciferase assay
Luciferase assays were performed as described (Casey et al., 1999) using the Dual Luciferase Reporter Assay System (Promega). Xenopus embryos were injected with 5 pg of pRL-CMV and pGL2-basic as a control or 50 pg BRE (1243/-191)x4-luc (BRE-luciferase; (Hata et al., 2000) . Inhibition by Sox3 or Sox2 was tested by injecting 400 pg sox mRNA with pRL-CMV and BRE-luciferase. As a control, either 400 pg sox11 (Hiraoka et al., 1997) or 50 pg of constitutively active BMP-2/4 type I receptor (CABR) (Candia et al., 1997) was co-injected. Pools of ten stage 11 embryos were collected in triplicate for each injection mixture. Embryos were mixed with 1 ml of 1· Passive Lysis Buffer and 10 ll or 20 ll of this supernatant was assayed. Experiments were repeated at least twice and showed similar trends.
2.6.
Clearing and cartilage staining
Cartilage staining was performed as described (Bellmeyer et al., 2003) with the following modifications: tadpoles were fixed with MEMFA, stained for 3-days with 0.4% alcian blue staining solution and washed and cleared in 2% KOH.
2.7.
Cell proliferation assay
Embryos were injected with 200 pg sox3 and 100 pg lacZ mRNA into one dorsal cell of an eight-cell embryo. At stage 13, embryos were fixed with MEMFA and assayed for bgalactosidase activity. Proliferating cells were detected with anti-phospho-Histone H3 (Ser10) antibody (Upstate/Millipore) and HRP-conjugated goat, anti-rabbit IgG (Upstate/Millipore) as described (Brivanlou and Harland, 1989; Dent et al., 1989) .
Cycloheximide experiments
Embryos were injected with 400 pg of sox3-GR or sox2-GR mRNA. Those analyzed for sox2 expression were incubated in 10 lg/ml cycloheximide at stage 9 and induced with 1 lM Dexamethasone (Dex) 30 min later, while embryos analyzed for geminin and sox3 were incubated in cycloheximide at stage 11 and induced with Dex 30 min later. All embryos were collected at stages 12 and 12.5 and analyzed for b-galactosidase activity and then gene expression by WISH.
2.9.
Terminal transferase assay
Whole mount TUNEL assay was performed after (Hensey and Gautier, 1998 ) with some changes: NEB reagents (TdT enzyme MO252S, NEB Buffer 4) used, Roche blocking agent (BMB). Labeled cells were visualized as described for WISH as described by (Harland, 1991) .
RT-PCR
Semi-quantitative RT-PCR was performed as described (Wilson and Hemmati-Brivanlou, 1995) . Total RNA was extracted from 10 or 20 ectodermal explants and cDNA was generated using random hexamer primers. Primers are: ef1a (XMMR, http://xenbase.org/xenbase/original/WWW/Marker_-pages/primers.html), epi-keratin (XMMR), N-cam (XMMR), zic1 , and geminin (XMMR), sox2 forward: CTTA-CATGAACGGCTCGCC, reverse: CCCCAGGTAGGTACATGC, annealing 58 degrees and 28 cycles. The RT-PCR results were also confirmed by quantifying band intensity with AlphaEase FC (AlphaInnotech; Fig. S3C ).
Results

Sox2 and Sox3 induce neural progenitors and delay differentiation
A role for maternal Sox3 in axis formation was defined in part by injection of sox3 mRNA into the equatorial region of dorsal cells (Zhang et al., 2003) . This misexpressed Sox3 inhibited expression of Xenopus nodal (Xnr5) thereby ventralizing the embryo. To define the function of Sox3 during early neural development, we injected sox3 mRNA into the animal pole of 1 of 2-cells and analyzed the expression of the early neural genes sox2, geminin, soxD and zic1 which, like sox3, are known to be induced in response to BMP antagonists (Mizuseki et al., 1998a; Rogers et al., 2008; Taylor et al., 2006; Tropepe et al., 2006) . Overexpression of sox3 or sox2 expanded the neural plate, as indicated by expanded expression of sox2 (n = 42/71), geminin (n = 37/44), soxD (n = 28/28) and zic1 (n = 126/155) in neurula embryos (Fig. 1A) . To determine the effect on neuronal differentiation, embryos were collected at early neurula when neuronal differentiation is initiated (Bellefroid et al., 1996) and at tailbud when primary neurogenesis is complete. Overexpression of sox3 inhibited the expression of the pan-neuronal and proneural markers n-tubulin (n = 88/92) and ngnr-1 (n = 30/32), respectively in stage 14 embryos (Fig. 1B) . However, in tailbud embryos n-tubulin and neurogenin r-1 expression was expanded (Fig. 1B , n-tub, n = 109/125, ngnr-1, n = 95/126) indicating that neuronal differentiation was delayed. While overexpression of sox2 also induced cells expressing n-tubulin (n = 24/32) outside of the normal neuronal boundary at tailbud stage, ngnr-1 was unaltered (n = 32/36). To rule out the unlikely possibility that these responses to sox3-overexpression were due to alterations in axis formation in the blastula, we injected RNA encoding a hormone inducible form of Sox3 (Sox3-GR) and activated this protein after the mid-blastula transition (MBT) at stage 9.5 with dexamethasone (Dex). Sox3-GR expanded expression of sox2, geminin, and soxD in neurula stage embryos similarly to Sox3 and delayed and expanded expression of ntubulin and ngnr-1 (compare Fig. 1 and Fig. S1 ). Both Sox2 and Sox3 inhibited the formation of the trigeminal placode in both stages studied (Fig. 1B , Sox3, n-tub n = 72/179, ngnr-1, n = 28/42; Sox2, n-tub, n = 21/53, ngnr-1, n = 31/53).
3.2.
Sox3 activates geminin and sox2 expression in the absence of protein synthesis
While it is generally reported that SoxB1 proteins function as activators, Sox3 functions as a repressor to inhibit Xnr5 and alter axis formation (Zhang et al., 2003; Zhang and Klymkowsky, 2007) . To determine the transcriptional activity of Sox3 in early neural development, we injected mRNA coding for either Sox3, Sox3-VP16, a dominant active form, or Sox3-EnR, a dominant repressor form, into the animal pole and assayed for the expression of gem and sox2 in gastrula embryos. Sox3 expanded expression of sox2 (n = 62/67) and gem (n = 93/ 108), while Sox3-VP16 induced both genes ectopically (sox2, n = 33/36 and gem, n = 40/44) on the ventral side of the embryos (arrows, Fig. 2A ). In contrast, Sox3-EnR repressed sox2 expression in gastrula embryos (n = 33/37, Fig. S2A ), induced gem (n = 38/40, Fig. 2A , Fig. S2B ) and repressed n-tubulin expression (Fig. S2C) . Therefore, these results suggest that Sox3 functions as an activator in early neural ectoderm determination but may also function as a repressor to indirectly drive the activation of gem.
It has been reported that Sox2 alone was insufficient to induce the expression of neural, proneural or neuronal markers in ectodermal explants (Mizuseki et al., 1998a) . To establish whether Sox3 activates either sox2 or gem in the absence of neural inducers, ectodermal explants from embryos injected with sox3, sox2, or sox3-VP16 were assayed by semi-quantitative RT-PCR for their expression (Fig. 2B) . As a positive control, explants from embryos injected with noggin mRNA were also assayed. At high concentrations, Sox3 induced sox2 expression weakly and both Sox2 (S2H), and Sox3 (S3H) were able to induce expression of gem. Additionally, Sox3-VP16 increased expression of gem and sox2 relative to uninjected explants, and similarly to noggin-overexpression. Thus, Sox3 alone and Sox3-VP16 can activate expression of sox2 and gem in naïve ectoderm.
To date, no direct targets of Sox3 or Sox2 involved in primary neurogenesis have been identified in Xenopus. To determine if Sox2 or Sox3 directly regulates the expression of gem or each other during neural induction, both Sox2-GR and Sox3-GR were induced with Dex in the presence of the protein synthesis inhibitor cycloheximide (CHX; Fig. 2C and D) . As a control, injected embryos were also incubated with CHX in the absence of Dex. Due to the ubiquitous ectodermal expression of sox3 and gem until mid-gastrula (data not shown), these embryos were treated with CHX at stage 11 to allow for the restriction of their expression to the dorsal side and then induced with Dex at st. 11.5. In embryos incubated in CHX alone, Sox3-GR did not alter expression of sox2 or gem. However, when incubated with Dex alone (sox2, n = 22/30, gem, n = 31/35), or Dex and CHX (sox2, n = 12/20, gem, n = 46/ 54), Sox3-GR induced expression of sox2 and gem demonstrating that Sox3 activates expression of these genes in the absence of protein synthesis (Fig. 2C) . Interestingly, although Sox3-GR is able to directly induce expression of sox2, Sox2-GR did not upregulate expression of sox3 when induced at stage 11 with Dex (n = 31/41), or with Dex and CHX (Fig. 3B , n = 39/39). However, Sox2-GR did activate expression of gem in the presence of Dex alone (n = 25/43) and Dex and CHX (n = 35/47, Fig. 2D ).
3.3.
Cell proliferation is increased by Sox3-overexpression
We next asked whether Sox3 expands the neural plate by increasing cell proliferation of existing progenitors. To address this, we injected sox3 mRNA with lacZ as a tracer into one animal, dorsal cell of 8-cell embryos. The majority of the descendants of these dorsal cells (D1.1 and D1.2 at 16-cell stage) develop into neural cells (Moody, 1987) . At stage 13 (early neural plate stage), the embryos were fixed and assayed for b-galactosidase activity and subsequently immunohistostained with anti-phosphorylated histone H3 (pH3) antibody. pH3 positive cells in the anterior neural plate were counted (1 mm 2 ) (Fig. 3A) . As a control, the same position on the uninjected side of the embryo was counted. The sox3 injected area showed a 1.4 fold increase in cell proliferation over the control side (Fig. 3B , n = 14, p = 0.0014). There was no difference between the number of pH3 positive cells on the left and right side of uninjected embryos (n = 7, p = 0.4257, data not shown). This result suggests that expansion of the neural plate is in part due to increased cell proliferation.
3.4.
Sox3 inhibits epidermal development via repression of the BMP signaling cascade
To determine if expansion of the neural plate is also in part due to the conversion of non-neural ectoderm cells to a neural fate, we analyzed the expression pattern of the epidermal markers, epidermal-keratin (epi-k) and Xp63 (Fig. 4A ) in embryos injected with sox3 or sox2 and lacZ mRNA into the animal pole of one blastomere of two-cell embryos. Expression of epi-k (n = 132/152) and Xp63 (n = 23/23) was inhibited on the injected side in both the dorso-lateral and ventral regions (Fig. 4A) . Since epidermal formation requires BMP signaling (Hawley et al., 1995; Wilson and Hemmati-Brivanlou, 1995) , we tested whether sox3-overexpression blocked the formation of epidermis by inhibiting expression of bmp4, or its direct target, Xvent2 (Fig. 4B-D) and, whether it functioned as an activator or repressor to do so. The expression of bmp4, Xvent2 and epi-k was reduced by overexpression of sox3 (bmp4, n = 64/69, Xvent2, n = 52/52, epi-k, n = 26/28) or sox3-VP16 (bmp4, n = 35/45; Xvent2, n = 50/50, epi-k, n = 13/13) in gastrula (st. 12, bmp, Xvent2) and neurula (st. 17, epi-k) embryos, while Sox3-EnR had no effect on expression of these genes. These experiments demonstrate that Sox3 functions as an activator to inhibit expression of bmp4 and Xvent2 and epidermis formation (Fig. 4B) .
Previous studies showed that maternal Sox3 acts as a repressor, therefore to verify that Sox3 represses Xvent2 independent of maternal repressor activity. We overexpressed the hormone inducible Sox3-GR or Sox2-GR and incubated embryos with or without Dex (Fig. 4C) . In embryos expressing Sox2-GR (n = 36/40) or Sox3-GR (n = 31/31) and treated with Dex, Xvent2 expression was inhibited. This supports a role for zygotic Sox3 in acting to repress epidermis as well as inducing neural gene expression.
There is a positive feedback loop in BMP signaling (Fig. 4D ) in which BMP activates expression of Xvent2 and, once translated, XVent2 protein activates bmp4 transcription (Ladher et al., 1996; Onichtchouk et al., 1996) . To determine where Sox3 is affecting this signaling loop, we tested the effect of Sox3 overexpression on the activity of a BMP response element (BRE)-luciferase construct (Hata et al., 2000) which contains four copies of the 152 bp BRE from the Xvent2 regulatory region. The BRE contains a Smad consensus binding site and enhances transcription in response to activated BMP signaling. There is no consensus Sox binding site. BREluciferase was injected with or without sox3 mRNA into one to two-cell embryos which were analyzed for luciferase activity as gastrulae (stage 11 and 12.5; Fig. 4D , lanes 1-3, data not shown). Like Xvent2, BRE-luciferase was expressed in gastrula embryos and decreased in response to Sox3. Since this decrease in expression could be due to inhibition of bmp expression, we co-injected a constitutively active form of the BMP receptor (CABR) and BRE-luciferase with or without Sox3. The presence of CABR led to an increase in luciferase activity, however this activation was also blocked by Sox3 (Fig. 4D,  lanes 6 and 7) . Moreover, this inhibition is specific to Sox3 since injection of the SoxE gene, sox11, did not show a reproducible or significant effect on BRE-luciferase activity (Fig. 4D,  lanes 5, 9) . To confirm that Sox3 repressed Xvent2 while functioning as an activator, BRE-luciferase assays were performed in the presence of Sox3, Sox3-VP16 and Sox3-EnR (Fig. 4D,  lanes 1A-6A) . Both Sox3 (p = .03) and Sox3-VP16 (p = .02) repressed BRE activity and although Sox3-EnR showed a trend of repressing the BRE, it was not statistically significant using a student's t-test (p = 0.16).
Sox3 is required for noggin-mediated neural induction
There are differences in the expression patterns of the soxB1 subgroup genes, with only sox3 expressed prior to neural induction in frog. This raised the possibility that Sox3 is required as a competence factor for ectodermal cells to respond to neural induction signals. To test this hypothesis, we used Morpholino oligos (MO) (Fig. S3) to knock-down Sox3 translation in ectodermal explants from embryos injected with noggin mRNA. BMP is present in ectodermal explants, thus they differentiate into epidermis. However, in the presence of BMP antagonists, such as Noggin, explants differentiate into neural tissue (Wilson and Hemmati-Brivanlou, 1995) . If Sox3 is required for ectoderm to respond to neural induction signals, Noggin would be unable to induce formation of neural tissue in the absence of Sox3. We first tested the Sox3MO specificity in vitro. As expected, Sox3 translation was blocked completely by Sox3MO while chick Sox3 translation was not altered significantly (Fig. S3B) . Next, ectodermal explants were dissected from embryos injected with noggin mRNA and Sox3MO, cultured until sibling embryos completed gas- trulation (stage 13-14) , and assayed by RT-PCR for the expression of various neural and epidermal markers (Fig. 5) . The neural markers, zic1, gem, and N-cam were induced by Noggin and this was reduced by Sox3MO co-injection. Moreover, inhibition of epi-k by Noggin was released by Sox3MO injection. We were able to rescue this phenotype by injecting sox3 mRNA in which the Sox3MO annealing sequence was mutated (sox3mut, Section 2 and Fig. S3A ). These results suggest that Sox3, which is expressed prior to BMP antagonists such as Noggin, is necessary for the inhibition of BMP signaling by Noggin, and therefore, neural induction.
Sox3 inhibits neural crest cell development
Sox3 and Sox3-GR injected embryos exhibited two phenotypes: ectopic pigment in all stages tested (Fig. 6A) and a kinked head in tadpole embryos (Fig. 6C) . Excess pigment was induced as early as gastrula stage. To determine if the pigmented cells were either ectopic cement gland cells or premature neural crest-derived pigment cells, we performed WISH for the cement gland marker, Xag-1, and neural crest specifiers, slug, sox9, and sox10. Although the cement gland as marked by the expression of Xag-1 was expanded laterally, the pigment cells in the injected embryos were not Xag-1 positive (Fig. 6A , n = 49/77). Additionally, markers for neural crest were not induced ectopically in the pigmented cells, and instead, expression of slug (n = 36/57), sox9 (n = 47/68) and sox10 (n= 46/56) was reduced in early neurula and early tailbud embryos (Fig. 6B ) and this was phenocopied by overexpression of Sox3-EnR (Fig. S4) . These data suggest that the excess pigment induced by Sox3 is not due to premature differentiation of neural crest-derived melanocytes or ectopic cement gland and in fact, neural crest formation is inhibited in neurulae by Sox3 and Sox3-EnR.
In situ hybridization analysis of Sox-GR injected embryos revealed that while slug, sox9 and sox10 were initially repressed, in stage 23 embryos, slug (n = 50/52), sox9 (n = 33/ 38), sox10 (n = 50/50), and hairyA2 expression was expanded (Fig. 6B and data not shown) . In contrast, neural crest marker expression does not ''rebound'' in sox3-EnR injected embryos (Fig. S4) . Therefore, Sox3-overexpression causes a delay and then abnormal expansion of neural crest specifier genes.
To investigate the effect of delayed neural crest formation, we analyzed the phenotype of late tailbud and tadpole embryos. By stage 32 the embryos had a kinked head phenotype which was more severe in Sox3-VP16 injected embryos and absent in Sox-EnR embryos (Fig. 6C and Fig. S5 ). Alcian blue staining of cartilage revealed that the ceratobranchials, neural crest derivatives (Sadaghiani and Thiebaud, 1987) , were severely reduced in Sox3 (n = 10/15) and Sox3-VP16 (n = 3/5) injected embryos (Fig. 6C) . The expansion of neural crest cells in mid-tailbud embryos and subsequent loss of branchial cartilage indicates that the late induced neural crest cells are unable to differentiate or complete normal migration. To determine whether the loss of the craniofacial structures was due to a lack of migration or cell death, embryos were injected with Sox3-GR, induced at stage 9.5 and then assayed for a marker of neural crest migration (Xtwist). Expression of Xtwist was disorganized and did not extend as far ventrally as controls (Fig. 6B , n = 96/130) specifically in the second, third and fourth neural crest streams that give rise to the branchial cartilage (Schuff et al., 2007) . Anterior migrating neural crest streams were unaffected in the majority of embryos (Fig. S6 , n = 62/96). This indicates that overexpression of Sox3 prevents normal migration of neural crest cells by altering the timing of induction. This is supported by the fact that Sox3-GR affected neural crest migration only if induced prior to neurula stage (Fig. S6 , n = 27/35). To determine the fate of the late induced, non-migratory neural crest cells, Tunel assays were performed. In a majority of embryos overexpressing Sox3, there was a two-fold increase in apoptosis in the head region (Fig. 6D , n = 13/22). Therefore, overexpression of Sox3 delays neural crest development resulting in reduced migration and increased cell death which leads to a loss of craniofacial cartilage.
Discussion
Sox3, one of the earliest neural genes expressed, has been implicated in the maintenance of a neural progenitor population (Bylund et al., 2003; Graham et al., 2003) and is required for the formation of the nervous system (Dee et al., 2008 ). Yet, the mechanism for its activity and its role in neural RT-PCR analysis of stage 14 ectodermal explants from embryos injected at the one cell stage with noggin mRNA with or without Sox3MO and sox3mut mRNA. The ectodermal explants were dissected from blastula embryos (stages 8, 9) and cultured until siblings reached neurula stage (stages 13-14). Lane 1, uninjected whole embryo (UI WE); 2, uninjected ectodermal explants (UI); 3, 2.5 pg noggin mRNA; 4, 2.5 pg noggin mRNA and 5 pmol Sox3MO; 5, 2.5 pg noggin mRNA with 5 pmol Sox3MO and 400 pg sox3mut mRNA. induction has not been determined; to date, no direct targets for SoxB1 proteins in primary neurogenesis have been identified. In this report, we investigate the mechanism by which Sox3 functions in primary neurogenesis in Xenopus with both gain-and loss-of-function analysis and compare the effect of sox2-overexpression to that of sox3. With these studies we discovered that overexpression of sox3 increases the neural progenitor population to expand the neural plate via 'direct' activation of geminin and sox2 expression, increased cell proliferation, inhibition of BMP signaling and disruption of neural crest formation. Furthermore, even though Sox2 and Sox3 are insufficient to induce ectopic neural tissue, we demonstrate that Sox2 and Sox3 are both sufficient to induce gem expression in naïve ectodermal explants. Overexpression of dominant active and dominant negative forms of Sox3 in combination with CHX studies, indicated that these effects were the result of Sox3 functioning as an activator. During neural development, Sox2 shared all of these functions with WISH of sox9 (n = 47/68), slug (n = 36/57), and sox10 (n = 46/56) in embryos injected with Sox3-GR and lacZ mRNA. Dorsal view of stages 13-21 embryos with anterior to the top (top row). Asterisk marks injected side. After stage 21, expression is expanded (bottom row) (sox9, n = 33/38, slug, n = 50/52, sox10, n = 50/50), but migration is inhibited (Xtwist, n = 96/130). Uninjected and injected sides of same embryo shown. (C) Development of branchial cartilage is disrupted by Sox3 and Sox3-VP16 as demonstrated by cartilage staining using Alcian blue. Embryos are dorsal view with anterior to the top and cartilage is ventral view with anterior to the top. (D) Two representative embryos demonstrating that Sox3 induces apoptosis in the head region as marked by TUNEL staining (n = 13/22). Left embryo injected in the left side and right embryo injected in the right side to account for potential asymmetric cell death. All embryos injected in 1 of 2 cells with sox3 (400 pg), sox3-VP16 (100 pg) or sox3-GR (400 pg) and lacZ (100-200 pg) or GFP (300 pg) mRNA. Sox3 indicating that they share similar roles at this stage in neural development. However, sox3 is expressed prior to sox1, sox2 and neural inducers such as noggin in the early gastrula embryo, and accordingly Sox3 appears to be required for Noggin-mediated neural induction and the subsequent induction of sox2 expression.
4.1.
Sox3 activates the neural progenitor markers sox2 and geminin in the absence of protein synthesis
With gain-of-function studies, we show that Sox3 induced the expression of the neural progenitor markers, sox2 and geminin, expanded the expression of the neuralizing factors, zic1 and soxD, and inhibited expression of neuronal and proneural genes n-tubulin and ngnr-1, respectively. These changes in gene expression led to increased cell proliferation and facilitated the expansion of the neural plate. This data is consistent with that of other overexpression studies in the chick spinal cord (Bylund et al., 2003; Graham et al., 2003) and in zebrafish (Dee et al., 2008) . However, we further demonstrate that: (1) Sox3 and Sox2 activate geminin in the absence of protein synthesis; (2) Sox3 'directly' activates sox2 but not vice versa and (3) neurogenesis is not inhibited by Sox3, but rather delayed. The delayed expression of proneural and neuronal markers may be due to the decay of injected sox3 mRNA by early tailbud. However, this is unlikely because neuronal differentiation eventually occurs at the same in embryos in which various concentrations of sox2, sox3 or sox3-GR mRNA was injected suggesting that the presence of neither Sox2 nor Sox3 is sufficient to permanently block differentiation. Together, these data indicate that during primary neurogenesis, Sox3 induces the formation of neural progenitor cells and maintains neural cells in an undifferentiated state for a longer time period leading to a delay in neurogenesis.
While overexpression of sox3 expands the expression of a variety of neural markers in whole embryos, it can only induce ectopic expression of geminin and does not induce ectopic neural tissue in the ventral ectoderm of neurulae or in naïve ectodermal explants at gastrula stage (Fig. 1A, 2B, D) . Thus, additional factor(s) are required for induction of neural tissue. This is consistent with studies by Mizuseki et al. dem- onstrating that Sox2 induces neural tissue in ectodermal caps from gastrulating embryos only in combination with FGF (Mizuseki et al., 1998a) . It is also supported by our studies demonstrating that when injected into the a4 cell of a 32-cell embryo (fated to become epidermis (Moody, 1987) ) neither Sox3 alone nor Sox2 and 3 in combination induced slug or any early neural markers in neurulae, while Sox3-VP16 induced both (data not shown). Furthermore, high levels of Sox2 or Sox3 and low levels of Sox3-VP16 are sufficient to induce expression of geminin but not of any other neural marker tested (Fig. 2B) . In these experiments, Sox3-VP16 is more effective at inducing geminin but it does not activate expression of other neural or neuronal makers. Thus, it is likely that a partner protein or a second factor possibly activated by FGF signaling is required for expansion of the neural plate.
Even though Sox3 does not effectively induce neural tissue when overexpressed in naïve or non-neural ectoderm, it does inhibit expression of epidermal markers (Fig. 4) indicating that Sox3 alone prevents ventral and lateral ectodermal cells from differentiating into epidermis. Investigation of the mechanism of inhibition of epidermis revealed that Sox3 and Sox3-VP16 but not Sox3-EnR repress BRE-luc and Xvent expression. This, in turn, leads to the down-regulation of bmp4 and the subsequent loss of epidermis. Together these data suggest that Sox3 functions as an activator to induce sox2 and geminin and that repression of Xvent2 expression is not due to Sox3 functioning as a repressor, but rather indirect via the action of a Sox3 target.
We have identified the first targets of SoxB1 proteins involved in primary neurogenesis and showed that Sox3 acts as an activator to induce expansion of the early neural markers. However, SoxB1 proteins can function as either activators or repressors depending on the context. For example, Sox2 activates expression of d-crystallin, Nestin, and Pax6 (Ambrosetti et al., 1997; Donner et al., 2007; Kamachi et al., 2000; Kamachi et al., 2001; Tanaka et al., 2004; Wilson and Koopman, 2002) and both activates and represses expression of itself, Oct-4, FGF-4, Nanog, and UTF1 to control the stem-cell state (Boer et al., 2007; Botquin et al., 1998) . In Xenopus, Sox3 directly represses expression of Xnr5 and Xnr6 in the blastula embryo (Zhang et al., 2003; Zhang and Klymkowsky, 2007) , and in this report, we present evidence that Sox3 functions as a repressor to inhibit neurogenesis (Fig. S2B) . Although it is unknown how Sox3 activity is modulated, there are several possibilities, including interaction with different partner proteins (Kamachi et al., 2000; Wilson and Koopman, 2002) and post-translational modification, such as SUMOylation. SUMOylation of the fly SoxB1 homologue SoxN reduces its ability to function as an activator (Savare et al., 2005 ) and a similar effect was seen for the Xenopus SoxE protein (Taylor and Labonne, 2005) . Furthermore, Sox3 has a conserved consensus SUMO modification site, thereby strengthening the possibility that SUMOylation modulates activity. Further experiments need to be conducted to understand the dynamics of Sox3 function.
Sox3 is required for neural induction
In Xenopus, sox3 is expressed maternally with zygotic expression occurring prior to the onset of gastrulation (Penzel et al., 1997; Rogers et al., 2008) . In contrast, sox1 and sox2 expression commence with gastrulation (Mizuseki et al., 1998a; Nitta et al., 2006) coinciding with the expression of BMP-inhibitors and neural induction. Functional analysis of Sox3 demonstrated that maternal Sox3 represses mesendoderm development (Zhang et al., 2003; Zhang and Klymkowsky, 2007) , and here we show that after neural induction, Sox3 plays a role in maintaining an undifferentiated progenitor population. To determine if Sox3 has a role after axis formation and before neurogenesis (in particular neural induction), we tested whether inhibition of BMP by Noggin could induce neural tissue in ectodermal explants when Sox3 levels are reduced by a morpholino. With reduced Sox3, inhibition of BMP by Noggin does not effectively block epidermogenesis or induce neural tissue. One possibility is that neural induction by Noggin was only partially blocked in these experiments because maternal Sox3 protein or other factors such as XOct-25 that facilitate neural induction were present (Takebayashi-Suzuki et al., 2007). The relationship be-tween such factors and Sox3 is unknown and they may work in conjunction or be redundant with Sox3.
Sox3 and neural crest development
Sox3 overexpression induces ectopic pigment cells of unknown heritage similar to the phenotype caused by overexpression of multiple Zic family members (Fujimi et al., 2006) . Although Sox3 expands expression of zic1, the data presented in this study indicates that the pigment cells are not derived from the neural crest as neural crest gene expression is reduced in these cells. Additionally, although Sox3 expands the cement gland laterally, Xag-1 is not induced ectopically at the site of injection, indicating that these cells are not ectopic cement glands. Future studies will attempt to identify the fate and the molecular mechanism of induction of the pigmented cells.
Since overexpression of sox3 increased pigment formation and repressed bmp4 expression levels, we further investigated the effect of Sox3 on neural crest. Sox3 repressed slug, sox9, and sox10 expression in gastrula, neurula and early tailbud embryos, and it dispersed and expanded these markers in mid-late tailbud embryos (Fig. 6B) . It is unclear why the expression of the genes rebounded. Again it is possible that expression increases as injected mRNA decays. However, it is also possible that a neural crest induction signal increases in early tailbud or that the expansion of the neural crest is in response to increased zic1 expression (Mizuseki et al., 1998a; Nakata et al., 1998) . We have shown that these slug, sox9, and sox10 expressing cells did not develop into neural crest derivatives as indicated by the lack of migration, increased apoptosis and eventual loss of branchial cartilage in tadpoles. These data are consistent with studies in chick in which misexpression of Sox2 decreased slug expression in early embryos that later failed to undergo epithelial to mesenchymal transition (Wakamatsu et al., 2004 ) and delay of induction or decreased migration of the avian trunk neural crest cells led to a high density of cells and then increased cell death and decreased neurogenesis (Maynard et al., 2000; Vogel et al., 1993; Vogel and Weston, 1988) .
Shared functions of Sox3 and Sox2
Sox2 shares high homology with Sox3, is expressed in overlapping domains during neural development (Nitta et al., 2006; Rogers et al., 2008; Uchikawa et al., 1999) , and shares the ability to counteract neurogenesis in the chick neural tube (Bylund et al., 2003) . It has been proposed that Sox2 and Sox3 are functionally redundant during early neural development and that both are required to maintain a neural progenitor population (Avilion et al., 2003) . Furthermore, mouse Sox1 and Sox3 single mutants do not show any broad CNS defects, and in Sox2 mutants levels of Sox3 are elevated (Miyagi et al., 2008) , indicating that Sox1, 2, and 3 can compensate for each other during central nervous system (CNS) development (Episkopou, 2005; Nishiguchi et al., 1998; Zhao et al., 2004) . To begin to determine if they share the same function in early neural development in gastrula and neurula embryos, we did a side by side comparison of the effect of sox2-overexpression to that of sox3. In most experiments, Sox2 behaved in an identical manner to Sox3. As seen for sox3, overexpression of sox2 expanded the expression of neural markers (Fig. 1A) including 'directly' activating gem expression, and delayed ( Fig. 2C) and then expanded the expression of the pan-neuronal marker n-tubulin (Fig. 1B) . Additionally, Sox2 inhibited expression of epikeratin (Fig. 4A) , bmp4 (data not shown), Xvent2, BRE-luciferase (Fig. 4C, lanes 4, 8) and slug (data not shown) in neurula embryos. One difference between the two proteins was that Sox2-GR was more effective than Sox3-GR at inducing gem and inhibiting Xvent2 expression, but more surprising was the inability of Sox2 to induce sox3 while Sox3-GR was able to induce sox2 (Fig. 2B, C) . Together these results suggest that Sox2 and 3 both expand the neural plate by inducing the expression of geminin and repress the epidermal fate by inhibition of Xvent2, and that sox2 may in fact be downstream of Sox3.
In toto, this research defined the roles and mode of action of Sox3 in primary neurogenesis. Sox3: (1) inhibits Xvent expression indirectly and therefore, BMP signaling and epidermogenesis, (2) activates sox2 and geminin expression in the absence of protein synthesis thereby maintaining cells in an undifferentiated, proliferating state and delaying neurogenesis and (3) is required for Noggin-mediated induction of neural tissue suggesting a role in providing competence to ectoderm to respond to neural induction signals. In the future, isolation of co-factor(s) and analysis of post-translational modification events will help us to understand the molecular steps required for neural development and neural stem-cell formation.
